Introduction
============

Alzheimer\'s disease (AD) is a neurodegenerative disorder affecting cognitive functions and memory. It is widely accepted that the accumulation of β-amyloid peptide (βAP), a small peptide which derives from the proteolytic processing of the amyloid precursor protein (APP), is central to the pathogenesis of disease (Bartoo et al., [@B5]; Naslund et al., [@B11]; Selkoe, [@B15]). Although the potential neurotoxic properties of βAP have been known for over a decade, it is still not known which components of behavior change under βAP, resulting in progressive cognitive decline.

It is clear from the available literature that the APP fragments, including βAP, can exert a powerful regulation of key neural functions including cell excitability, synaptic transmission and long-term potentiation, both acutely and on the long-run. Recently it was shown that neuronal activity modulates the formation and secretion of βAP (Kamenetz et al., [@B8]) which is detected in nano-molar concentrations in healthy individuals throughout life both in the cerebrospinal fluid and plasma (Seubert et al., [@B16]). It is thought that the βAP plays a certain unknown role in normal physiology, including synaptic plasticity, learning and memory (Schulz, [@B14]; Stepanichev et al., [@B17]; Turner et al., [@B18]; Wu et al., [@B20]) Interestingly, APP and its homologues display a high degree of evolutionary conservation, and have been detected in all mammals, and also in some invertebrates (Johnstone et al., [@B7]; Wasco et al., [@B19]). Nevertheless, no Alzheimer-like pathology has ever been described in animals. In our previous experiments in terrestrial snails we described a possibility of changes elicited by application of βAP in neural responses and behavioral performance, and estimated effective concentrations of βAP (Samarova et al., [@B12]; Korshunova et al., [@B10]).

In the present paper, we examined in details influence of the neurotoxic AP fragment on food-aversion learning in terrestrial snail *Helix*. In behavioral experiments we compared responses of βAP-injected and sham-injected snails to aversively conditioned food odor, and estimated context memory by testing responsiveness in reinforced and non-reinforced contexts.

Although studying the effects of BAP in snails does not make of this invertebrate a model of AD, it may provide useful insights into the action mechanisms of certain components of Alzheimer pathology.

Materials and Methods
=====================

Subjects
--------

In the present series of experiments, 52 adult snails *Helix lucorum* *L*. (Crimea population) weighing 25--35 g were used. The snails were kept in active state at least 2 weeks before the experiment in a wet environment, and fed usually with carrots and cabbage. One to two weeks before the training session, the experimental animals were deprived of food. Between experimental sessions the subjects were housed in glass terraria.

Each animal was used only in one series of experiments. Experimental procedures are in compliance with the guide for the care and use of laboratory animals published by the National Institutes of Health (USA).

Training and apparatus
----------------------

In the experimental set-up, the snail was tethered by its shell in a manner allowing it to crawl on a plastic ball that rotated freely in a water containing 0.01% NaCl (Balaban, [@B1]). The ball was laced with bare stainless steel wire to complete an electrical circuit between the animal\'s foot and a carbon electrode placed in the water. This specific context was used in all behavioral experiments (context "ball"). As a different context we used in pilot experiments the flat glass lid of the terrarium that appeared to be a well distinguished context. In experiments taken for statistical evaluation we used a piece of glass 40 cm × 60 cm as a different context ("glass"). Timing of accommodation in each context (5 min), duration of testing, tactile stimulation, washing of ball and glass between tests were similar for both contexts. Before training each snail was code numbered, and the person testing them after training had no access to their history.

Electric shock was delivered (only in context "ball") using a 1--4 mA, 16 Hz square pulses of current through a macroelectrode applied manually to the dorsal surface of the snail\'s foot until a complete withdrawal of the snail to the shell. The reference carbon electrode was placed in the water in which the ball floated.

Punctate mechanical stimuli were applied with calibrated von Frey hairs permitting delivery of pressures ranging from 6 (estimated as weak) to 68 (noxious) g/mm^2^. After several pilot series, the behavioral response, the intensity (tip diameter 0.2 mm, 25 g/mm^2^) and the location of tactile stimulation were chosen. Ommatophore (posterior tentacles) withdrawal to tactile stimulation of the rostral part of the foot skin 4--5 mm behind the posterior tentacles appeared to be at the level of 20--40% of maximal in normal animals. In pilot experiments it was shown that responses to such test stimulation were sensitized after noxious stimuli, and this part of the foot skin was chosen as standard for tactile stimulation.

The snail\'s behavior was recorded with digital video camera. We analyzed video using software "PhysVis 1.4" (Kenyon College) available in the Internet. We scored the amplitude of tentacle withdrawal by measuring the distance between tip and base of the tentacle, and the latency of the food grasping. If in 120 s no food bite occurred, we stopped the test and scored the latency as 120 s.

Before training, for 2 days each snail was exposed for 30 min daily to the experimental set-up. Twenty-four hours before the first training session snails from experimental group were injected with βAP (10^−4^ M, total volume: 0.2 ml). Control animals received an injection of the same volume of saline. Three days later the same groups received additional injection of βAP/saline. Double blind testing was performed in all experiments.

Protocol 1: context conditioning
--------------------------------

After obtaining the pre-training scores in two contexts to test tactile stimuli (T0), snails of experimental and control groups (associative context conditioning) received two electrical shocks per day with at least 60 min intervals for 5 days in one environment only (ball) without any food. They were then tested (T1) using tactile stimulation 2 days after the training session in both environments (Figure [1](#F1){ref-type="fig"}A).

![**Context conditioning**. ***(A)*** Protocol of context conditioning experiments; electric shocks were given to both groups only in one context, on a ball. ***(B)*** Averaged amplitude of tentacle withdrawal to tactile stimuli in control snails (*n* = 10) and βAP-injected snails (*n* = 10) in two contexts: on the ball (reinforced context) and on the glass. Testing was performed before electric shocks (T0), and 2 days after the electric shocks (T1). *Y*-axis -- amplitude of tentacle withdrawal in percentage of the length before the test.](fnbeh-02-003-g001){#F1}

Protocol 2: food-aversion conditioning
--------------------------------------

After obtaining the pre-training scores to test tactile stimuli in the two contexts, the first test session with food presentation was performed for two groups (session T0, Figure [2](#F2){ref-type="fig"}). During training, the snails of both experimental and control groups (associative food-aversion training) received two presentations of carrot per day associated with electric shocks with at least 60 min intervals for successive 14 days, and one presentation per day of cabbage (Figure [2](#F2){ref-type="fig"}). This type of training has been repeatedly shown to be associative in terrestrial snails (Balaban, [@B1], [@B2]). Current was individually chosen for each snail so that a complete withdrawal of anterior part of the body was observed in response to a shock. No testing with tactile stimulation was performed during training days. Two, five and fourteen days after the training session (on the 3rd, 6th and 15th days, T1, T2 and T3, respectively), the responsiveness to food and to the same test tactile stimuli was separately scored (Figure [2](#F2){ref-type="fig"}). Double blind testing was performed in the two contexts. To reduce possible effects of recent handling, the test was administered no sooner than 5 min after the subjects had been placed in the environment. Only animals exhibiting active locomotion were tested. No shocks were delivered during the test sessions. If the snail did not bite the food positioned at a 5-mm distance from the lips during 120 s of presentation, a negative score was given.

![**Protocol of food-aversion conditioning experiments**. Association of food (carrot) with electric shock was performed only in one context, while scoring of latency of food grasping to food presentation (carrot or cabbage) was performed in two contexts. Carrot presentation was used as a conditioned stimulus, while cabbage presentation never was associated with reinforcement. Testing of tentacle withdrawal to tactile stimulation, not associated with any reinforcement or context, in two contexts (glass and ball) allowed to estimate context memory independently of cued (food odor) memory.](fnbeh-02-003-g002){#F2}

Drug injection
--------------

The βAP was dissolved (stock solution) in distilled water and stored at room temperature for at least 2 h. The experimental snails were injected with 10^−4^ M of βAP (injected volume 0.2 ml: 0.1 ml of amyloid stock solution + 0.1 ml of saline). The control group received sham injection of 0.2 ml of saline + distilled water. Injection was performed with a fine needle in non-sensitive part of the foot under the mantle bolster. During injection, the snail stopped locomotion, mostly because the shell was fixed by the experimenter, but showed no generalized withdrawal. We have not used a control peptide of similar size but different structure for two reasons: (1) any peptide may have its own specific effect while the aim of this study was to check whether or not the application of βAP induces changes in behavioral characteristics; (2) it is well known that isolated CNS releases many peptides in comparable concentrations (Kerkut, [@B9]).

Statistical analysis
--------------------

Mann--Whitney rank sum test was used to compare performance of two groups of snails. Wilcoxon signed-rank test was used for comparison of performance of the same group in different contexts. ANOVA on ranks was used for comparing several groups of data.

Results
=======

Context conditioning
--------------------

We examined the influence of βAP on *Helix* context conditioning using the procedure described earlier (Balaban and Bravarenko, [@B3]). In all experiments, the snails from the experimental group were injected with βAP twice: 24 h before the first session and 3 days later. The control group received two sham injections of saline at the same time. Snails from each group were shocked twice per day during 5 days, in the context "ball" only (see protocol on Figure [1](#F1){ref-type="fig"}A). Changes in responsiveness to a tactile stimulation of moderate intensity were scored in parallel in the sham-injected group of snails, and in snails injected with βAP 1 day before the 5-day sensitization session (T0) with electric shocks. Before sensitization, no significant differences were observed within or between groups (Figure [1](#F1){ref-type="fig"}B). Testing 2 days after the end of training (T1) demonstrated a significant increase (*p* \< 0.01, Wilcoxon signed-rank test) of amplitude of a withdrawal reaction to tactile test stimulation both in snails injected with βAP (*n* = 10) and in the control group (*n* = 10). Scores taken after shocks evidenced that the βAP-injected snails shocked in one context significantly increased responsiveness in all tested contexts 2 days later, while the sham-injected animals selectively and significantly (*p* \< 0.001, Wilcoxon signed-rank test) increased responsiveness only in the context in which they were reinforced with electric shocks (Figure [1](#F1){ref-type="fig"}B). This result shows the presence of long-term associative (specific for the reinforced context) changes in withdrawal responses in the sham-injected snails, and a lack of associative connection in the βAP-injected animals with the context in which the snails were shocked.

Food-aversion conditioning
--------------------------

All animals in these experiments (Figure [2](#F2){ref-type="fig"}), either sham (*n* = 15) or βAP (*n* = 17), were injected twice: the day before the onset of test T0 and 3 days later. Dynamics of learning was estimated by scoring latency of food grasping during 120 s of food presentation in snails from experimental and control groups. Each grasping of one type of food (carrot, preferred food) was associated with electric shock, while the second type of food (cabbage) was never associated with shocks. Averaged latencies (Figure [3](#F3){ref-type="fig"}A) of food grasping demonstrated a steady increase during the training period (14 days). During the first 5 days of training, the latency scores were significantly (*p* \< 0.05, pairwise comparison, M.W.) higher in sham-injected snails than in βAP-injected, but later, the latency scores were not significantly different (*p* \< 0.2, pairwise comparison, M.W., Figure [3](#F3){ref-type="fig"}A). Testing after 2, 5, and 14 days after the end of the training session revealed a significant difference (*p* \< 0.01, M.W.) between the βAP-injected and sham-injected animals in latency scores of reinforced food grasping, a fact reflecting significantly faster extinction of learning in experimental snails. Neither in the sham-injected group (*p* \< 0.4, ANOVA on ranks) nor in the βAP-injected group (*p* \< 0.1, ANOVA on ranks, Figure [3](#F3){ref-type="fig"}B) did the latency of cabbage grasping (non-reinforced type of food) change significantly during training. Differences in responses to cabbage and carrot serve as an additional criterion for associativity of observed changes in behavior.

![**Dynamics of food-aversion learning on the ball estimated by average latency of food grasping by the snail**. ***(A)*** Dynamics of carrot aversion learning in control snails (*n* = 15) and βAP-injected snails (*n* = 17). *X*-axis -- days of experiment (see Figure [2](#F2){ref-type="fig"} for detailed protocol), *Y*-axis -- latency period (seconds) of carrot-grasping. ***(B)*** Changes in latency of food grasping in response to cabbage presentations in control snails (*n* = 15) and βAP-injected snails (*n* = 17). *X*-axis -- days, *Y*-axis -- latency period (seconds) of cabbage grasping.](fnbeh-02-003-g003){#F3}

Scoring the latency of food grasping of associatively trained snails in two different contexts demonstrated better performance of sham-injected snails. The latency of carrot-grasping was significantly (*p* \< 0.05, M.W.) smaller in βAP-injected animals than in control ones in the reinforced context on the 3rd day after the end of training (after 2 days interval), while in the non-reinforced context (glass), the latency was similar in both groups (Figure [4](#F4){ref-type="fig"}A). Both groups demonstrated much higher latency scores after training (*p* \< 0.001, Wilcoxon signed-rank test) in comparison with pre-training scores, a result reflecting generalized increase in responsiveness due to noxious reinforcement. Differences in response latencies in the two contexts remained highly significant (*p* \< 0.001, Wilcoxon signed-rank test) in sham-injected animals, while in βAP-injected snails this difference became smaller and non-significant (*p* \< 0.7, Wilcoxon signed-rank test) 14 days after the end of training (Figure [4](#F4){ref-type="fig"}A). The latency of cabbage grasping did not change significantly (*p* \< 0.4, ANOVA on ranks) in both groups throughout all the experiment (Figures [3](#F3){ref-type="fig"}B and [4](#F4){ref-type="fig"}B), a fact that confirms the associative nature of the behavioral changes observed upon carrot presentation. These results suggest that the βAP-injected snails learn and remember that they were shocked in the presence of a given food in a specific environment, but that this memory declines faster than in control animals.

![**Changes in latency of conditioned food grasping in tests performed before learning (T0), after 2 (T2), 5 (T2) and 14 days (T3) after learning in two contexts: on the ball (reinforced context) and on the glass**. ***(A)*** The averaged latency of carrot bites in control snails (*n* = 15) and βAP-injected snails (*n* = 17). *Y*-axis -- latency period (seconds) of first bite of the carrot. ***(B)*** The latency of cabbage bites in control snails (*n* = 15) and βAP-injected snails (*n* = 17). *Y*-axis -- latency period (seconds) of cabbage bites. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.](fnbeh-02-003-g004){#F4}

An additional measurement describing learning is the percentage of carrot-grasping events during the 120 s criterion time. Before training, snails from both groups took food in 100% of the cases, while in the 3rd day after training (T1) the sham-injected animals took food only in 6.6 ± 3.5% of the cases in the reinforced context, and in 70.3 ± 12.9% in the non-reinforced context (*p* \< 0.001, Wilcoxon signed-rank test). βAP-injected snails, on the other hand, took food in 37.2 ± 8.9% in the reinforced context, and in 76.6 ± 8.6% in the non-reinforced context (*p* \< 0.01, Wilcoxon, Figure [5](#F5){ref-type="fig"}A). The percentage of carrot-grasping events diminished in the 6th (T2) and 15th (T3) days after the end of training but was still significantly (*p* \< 0.05, Wilcoxon) different in the two contexts in the sham-injected snails, while it was not different any more in the βAP-injected animals (*p* = 0.84 at T2, *p* = 0.126 at T3, Wilcoxon, Figure [5](#F5){ref-type="fig"}A). These results highlight different characteristics of learning in βAP-injected and sham-injected snails.

![**Changes in quantity of food grasping events (percentage of food presentations number) due to learning, context memory test**. ***(A)*** Number of carrot bites by control snails (*n* = 15) and βAP-injected snails (*n* = 17) in two contexts: on the ball (reinforced context) and on the glass. Testing was performed before learning (T0), after 2 (T2), 5 (T2) and 14 days (T3) of rest after learning. *Y*-axis -- number of carrot grasps (percentage of presentations), averaged for each snail. ***(B)*** Testing of context memory in associatively trained snails; tentacle withdrawal in control snails (*n* = 9) and βAP-injected snails (*n* = 10) was estimated in two contexts: on the ball (reinforced context) and on the glass. Testing was performed before learning (T0), after 2 (T2), 5 (T2) and 14 days (T3) after learning. *Y*-axis -- amplitude of tentacle withdrawal, percentage of maximal length. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.](fnbeh-02-003-g005){#F5}

Finally, we tested changes in responsiveness to tactile stimulation of moderate intensity (not associated with any reinforcement) in the two contexts in the same two groups of associatively trained animals. No difference between groups (*p* \< 0.5, M.W.) was observed in the day prior to the training session (T0, Figure [5](#F5){ref-type="fig"}B). Testing in the 3rd day after the end of training (after 2 days of rest, T1) demonstrated a significant (*p* \< 0.001, Wilcoxon signed-rank test) increase of amplitude in the withdrawal reaction to tactile test stimulation both in snails injected with βAP (*n* = 10) and in the control group (*n* = 9) in the reinforced context. Still, in the non-reinforced context (glass), in the 3rd day after training, the responses of sham-injected snails were significantly weaker (*p* \< 0.01, Wilcoxon) than in the reinforced context, while no difference between contexts was noted in βAP-injected animals (*p* \< 0.4, Wilcoxon, Figure [5](#F5){ref-type="fig"}B). This difference in behavioral performance between the βAP-injected and sham-injected snails was maintained in the 6th and 15th days after the end of training, thus suggesting that the βAP-injected animals do not associate electric shocks with a particular context and exhibit a general increase in responsiveness. These results suggest that βAP may impair context conditioning, while learning to sensory cues is not impaired but develops more slowly.

Discussion
==========

A large body of evidence implicates βAP and other derivatives of the evolutionarily highly conserved APP in the pathogenesis of AD. However, the functional relationship of APP and its proteolytic derivatives to behavioral plasticity is not well known. Diverse models have been established to test the amyloid hypothesis in AD. Among these, initial attempts have been made to use invertebrates to this end. The nematode *Caenorhabditis elegans* was utilized as an *in vivo* model to correlate the βAP expression with its toxicity to provide a better understanding of the cellular processes underlying AD (Gutierrez-Zepeda and Luo, [@B6]). So far snails have not been used to study βAP-induced neurotoxicity. A single preliminary report demonstrated that βAP inhibited GABA-induced Cl^−^-currents in identified neurons (R9 and R12) of *Aplysia kurodai* without affecting the resting membrane conductance or holding current (Sawada and Ichinose, [@B13]).

It was shown previously that some changes in synaptic plasticity and behavioral performance can be elicited in terrestrial snails nervous system by application of βAP (Korshunova et al., [@B10]; Samarova et al., [@B12]). Observed changes in neural and behavioral parameters under βAP in these studies served as a basis for the present experiments.

Results described in the present report clearly demonstrate that AP interferes with the learning process but does not fully abolish food-aversion learning. In a separate series of experiments, we tested whether the injection of βAP interferes with an important component of associative learning -- context memory. We found that βAP-injected snails shocked in one context significantly increased responsiveness in all tested contexts 2 days later, while sham-injected animals selectively increased responsiveness only in the context in which they were reinforced with electric shocks by responding similarly both in the aversively reinforced and in the neutral context, while when tested with the CS.

The main unanswered question in our results is why in response to tactile stimulus (not involved in conditioning) the βAP-injected animals demonstrated a complete lack of context memory by responding similarly both in the aversively reinforced and in the neutral context, while when tested with the CS (carrot) on the 3rd day after the associative training, the same snails demonstrated an ability to distinguish two context situations (Figures [4](#F4){ref-type="fig"}A and [5](#F5){ref-type="fig"}A). This ability is worse than in sham-injected animals, but it is statistically significant. During training, the snails learn to associate shocks (reinforcement) with a specific context, and food odor with reinforcement and context. It may be suggested that the association of reinforcement, context and food odor (conditioned stimulus) is different from the association of reinforcement and context due to differences in cellular mechanisms of context and cued memories.

Our results suggest that the neurotoxic fragment of βAP (25--35) may play a significant role in behavioral plasticity and memory by chronically impairing only one component of memory -- the context memory.

Cellular mechanisms of AP effects
---------------------------------

In *Helix*, it has been previously shown that after the 5,7-DHT treatment (ablating the serotonergic neurons) both the sensitization of the withdrawal reaction and development of the associative aversive conditioning were impaired (Balaban et al., [@B4]). The feeding behavior of 5,7-DHT-injected intact animals was apparently normal, as were also the electrophysiological responses of the investigated neurons to single feeding and noxious stimuli. This indicates that the absence of this type of associative learning is not due to changes of responsiveness of the neurons taking part in the feeding and aversive behavior, respectively.

The 5,7-DHT treatment after elaboration of aversive conditioning in *Helix* does not impair the conditioned responses to cued stimuli (Balaban et al., [@B4]). This result suggests that the 5-HT-containing cells participate in associative learning during the consolidation phase of the conditioned food-aversion reflex, but are not necessary during its retrieval.

We tested a possibility of involvement of the 5-HT-containing neurons, which modulate the network underlying avoidance responses (Zakharov et al., [@B21]), in contextual conditioning. Injection of 5,7-DHT resulted in a complete loss of context memory. Only responses of vehicle-injected sensitized snails differed significantly in both environments (Balaban, [@B2]). This result suggests that the 5-HT-ergic neurons are necessary for development, retrieval and/or maintenance of contextual conditioning.

Observed in the present study changes in behavioral performance under βAP were similar to behavioral changes under selective blockade of serotonergic system in the snail (blockade of context memory, Balaban et al., [@B4]). It suggests possible involvement of serotonergic system in behavioral changes observed under influence of βAP. In conformity with this, earlier it was shown that the βAP application *in vitro* reduces sensitization of synaptic responses (which is considered to be a serotonin-dependent mechanism for behavioral sensitization), and behavioral sensitization under βAP (Korshunova et al., [@B10]; Samarova et al., [@B12]). In the present study, we have monitored the βAP-induced changes in behavioral performance in terrestrial snails. For the first time we demonstrate that βAP significantly and selectively impairs a component of learning -- context conditioning, while learning to cued stimuli is different from normal but is not impaired. The βAP-injected animals exhibited faster decay of retention than those in the control group (Figure [3](#F3){ref-type="fig"}A), which may be explained by importance of context memory for acquisition and retention.
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